Introduction {#s0005}
============

High expression of extracellular matrix (ECM) components in tumors remains a significant challenge for effective drug delivery and therapy of some forms of cancer including pancreatic ductile adenocarcinoma (PDAC) [@bb0005], [@bb0010]. In the case of PDAC, the desmoplastic reaction develops in tumor tissue resulting in deposition of such ECM components as collagens I and III, fibronectin, laminin, hyaluronic acid and others [@bb0005]. The main source of ECM are cancer associated fibroblasts (CAFs), which originate from pancreatic stellate cells (PSCs) and resident fibroblasts upon activation induced by factors secreted by cancer cells [@bb0015], [@bb0020], [@bb0025], [@bb0030]. Obviously, ECM is an important participant in a cross-talk between cancer and stromal cells, but its contribution to PDAC progression at different stages is not fully understood. It seems that ECM remodeling, including bundling and cross-linking in advanced PDAC, plays an active role in pro-metastatic potential and drug resistance [@bb0035]. In particular, collagen I induces epithelial-mesenchymal transition (EMT) and mediates both invasion and chemoresistance [@bb0040], [@bb0045], [@bb0050]. Laminin as well as fibronectin also contribute to cell proliferation, survival and metastases [@bb0055], [@bb0060]. Hyaluronan is involved in increased cancer cell proliferation and migration [@bb0065]. Additionally, this glycosaminoglycan significantly contributes to elevated stromal fluid pressure, impeding diffusion of anti-cancer drugs in the tumor interstitium and causing collapse of lymphatic and blood vessels that results in impaired diffusion and therapeutic molecule uptake [@bb0070], [@bb0075].

Here, we developed a 3D spheroid model resembling avascular microtumors, able to innate production of complex fibrillar ECM. Some attempts for development of pancreatic cancer spheroids were made earlier [@bb0080], [@bb0085], but for obtained microtumors the impact of stromal cells on ECM production, composition and organization was not determined. Moreover, we translated our spheroid model *in vivo* and compared it with clinical tumors aiming at providing an alternative to costly genetically engineered mouse models and improving conventional subcutaneous xenograft PDAC models, which is the most widely used model in pre-clinical translational studies so far.

Materials and Methods {#s0010}
=====================

Cell Culture {#s0015}
------------

Human pancreatic ductal adenocarcinoma PANC-1 (ATCC CRL-1469) cell line and embryonic mouse fibroblasts NIH3T3/GFP (Cell Bioalbs, Inc.) permanently expressing green fluorescent protein, hereafter referred as 3 T3, were cultured in DMEM growth medium supplemented with 10% fetal bovine serum. All cultured cells were grown at 37 °С in a humidified 5% CO~2~ atmosphere. Passages 3--15 were used in this study for both cell lines.

Generation of 3D Pancreatic Microtumors {#s0020}
---------------------------------------

For generation of 3D spheroids, PANC-1 or PANC-1 and 3 T3 cells were seeded onto round-bottomed 96-well plate with ultra-low attachment coating (Corning, Kennebunk, ME) at various ratios in a volume of 100 μL. After 3, 7 or 14 days of incubation at 37 °С in humidified 5% CO~2~ atmosphere, spheroids were processed for other experiments. For two-week-old microtumors, additional 100 μL of growth medium were added to each well upon 1 week incubation. For some experiments, spheroids were grown in a medium containing bFGF, or anti-β1-integrin IgG at concentrations of 10 ng mL^−1^ and 18 μg mL^−1^, respectively.

Measurement of Spheroid Diameters and Cell Viability {#s0025}
----------------------------------------------------

Spheroid images in transmitted light were obtained using an inverted Axio Observer A1 microscope (Carl Zeiss, Gӧttingen, Germany) equipped with ×20/0.4 objective lens. Spheroid diameters were measured using the instrument software.

Cell viability in spheroids was measured by caspase activity assay using Caspase-Glo 9 kit (Promega, Madison, WI) according to manufacturer\'s manual with minor changes. Each sample contained 10--12 spheroids in PBS collected in one well of a 96-well plate. As a negative control (maximal cell viability), 2D cultured PANC-1 cells with confluency of 70% were used. The positive control (maximal caspase activity) was a sample with 3D PANC-1 spheroids after 48 h incubation with 20 μM of doxorubicin. Obtained values of luminescence, measured using 96-well plate spectrophotometer SpectraMax M2 (Molecular Devices, Sunnyvale, CA), were normalized by protein content, determined by Bradford assay.

Nanoparticle Penetration to Microtumors {#s0030}
---------------------------------------

Fluorescent latex FluoSpheres beads (Molecular Probes, Eugene, OR) with mean diameters of 20 nm (F8786), 100 nm (F8801), and 500 nm (F8812) were chosen as model particles for penetration analysis. Their physicochemical characteristics such as size and ζ-potential were measured by DLS using Zetasizer Nano ZS (Malvern Instruments Ltd., Malvern, UK). Nanoparticles were added to two-week-old PANC-1 or PANC-1/3 T3 (grown at initial cell number of 120 or 120:12, respectively) spheroids at final concentrations of 20 μg mL^−1^ and incubated for 24 hours. Spheroids were then washed twice with PBS to remove non-bound nanoparticles, frozen in HistoPrep tissue embedding medium, and cut into 10 μm sections using the Leica CM1510 cryotome (Leica, Wetzlar, Germany). To stain the cell nuclei, spheroid sections were incubated in 1 μg mL^−1^ Hoechst 33342 (Tocris Bioscience, Bristol, UK) in water for 5 minutes and air-dried before imaging.

Animal Xenograft Model and Clinical PDAC Tumors {#s0035}
-----------------------------------------------

Tumor cell based xenografts were established by subcutaneous injection of 3 × 10^6^ PANC-1 cells or 3 × 10^6^ PANC-1 and 3 × 10^5^ 3 T3 cells into the right flank of athymic NU/J (homozygous Foxn1 \< nu\>) 7-week-old male mice (Jackson Laboratory, Ban Harbor, ME). For inoculation of spheroid-based tumors, around 150 two-week-old PANC-1 or PANC-1/3 T3 (grown at initial cell number of 120 or 120:12, respectively) spheroids were implanted subcutaneously into the right flank of mice. Tumors were measured with calipers daily starting at day 7 post inoculation. Tumor volumes were calculated according to the formula V = (long axis × short axis^2^)/2. All animals were maintained in specific pathogen-free conditions with water and feed *ad libitum*. All animal experiments were approved by the South Dakota State University Institutional Animal Care and Use Committee.

Collection of human tumor tissues was approved by the Internal Review Boards of South Dakota State University and Avera Medical Group. Signed informed consent from patients for research use of pancreatic tumor tissue in this study was obtained prior to acquisition of the specimen. Samples were confirmed to be tumor tissue based on pathological assessment.

Immunostaining of Frozen Spheroid and Tumor Sections {#s0040}
----------------------------------------------------

Excised mouse or human tumors, or 3D spheroids, were washed with PBS and embedded in HistoPrep tissue embedding medium, snap-frozen in liquid nitrogen, and kept at −80 °C. Then the frozen tumor blocks were cut into 10 μm sections, fixed in acetone-methanol (1:1) mixture for 15 min, and air-dried at room temperature.

To determine ECM components, cryosections were immunostained with rabbit monoclonal anti-fibronectin primary antibodies (ab2413, Abcam), rabbit polyclonal anti-type I collagen antibodies (ab34710, Abcam), rabbit polyclonal anti-laminin antibodies (ab11575, Abcam), and sheep polyclonal anti-hyaluronic acid antibodies (ab53842, Abcam). Secondary antibodies were goat anti-rabbit IgG labeled with Alexa Fluor 488 (ab150077, Abcam) or donkey anti-sheep conjugated with Alexa Fluor 568 (ab150077, Abcam). Primary and secondary antibodies were applied at dilutions of 1:200 and 1:300, respectively.

Confocal Microscopy and Image Analysis {#s0045}
--------------------------------------

Images of all spheroid and tumor sections were obtained using Olympus Fluoview FV1200 confocal laser scanning microscope (Olympus Corporation, Tokyo, Japan) equipped with ×20/0.45 objective lens. Positive fluorescent areas of ECM components in spheroid and tumor sections were determined in 5 different spheroids or in 4 random areas of tumor (in 4 tumors per group, except clinical tumors, where two tumors were analyzed).

For quantitative analysis of nanoparticle penetration in spheroids, the images of spheroid sections were processed in ImageJ software (1.42v, US National Institutes of Health, USA).

Western Blotting {#s0050}
----------------

Tumor tissues were lysed in 5% Triton X-100 buffer followed by centrifugation (20,000×*g*, 4 °C, 15 minutes) and collecting of supernatants. Equal amounts of protein (10 μg) were mixed with loading dye, boiled for 5 min, separated on a denaturing SDS-polyacrylamide gel and transferred to a PVDF membrane. The membrane was blocked in 5% dry milk or BSA in TBS buffer with 0.1% Tween (TBS-T) for 1 hour and incubated overnight with antibodies against α-smooth muscle actin (ab7817, Abcam), transforming growth factor β (3711, Cell Signaling), β1-integrins (ab183666, Abcam), phosphorylated AKT1 (ab81283, Abcam), or β-actin (4967, Cell Signaling) as a reference. Then, the membrane was washed twice with TBS-T and incubated with HRP-conjugated secondary antibody (ab6721, Abcam or sc-2005, Santa Cruz Biotechnology) at room temperature for 1 h, followed by several washings with TBS-T and deionized water. Protein bands were visualized by ChemiDoc XRS+ imaging system (Bio-Rad Laboratories, Hercules, CA) using chemiluminescence mode.

Results {#s0055}
=======

Influence of Composition and Term of Cultivation on Final Spheroid Size and Cell Viability {#s0060}
------------------------------------------------------------------------------------------

For generation of *in vitro* 3D pancreatic tumor spheroids, we used round-bottomed 96-well plates with non-adherent coating. Formation of pancreatic microtumors takes place within 2--3 days resulting in spherical organoids for both PANC-1 and PANC-1/3 T3 spheroids ([Figure 1](#f0005){ref-type="fig"}*A*). Next, we determined how 3 T3 fibroblasts are distributed within spheroids. Since fibroblasts were permanently GFP expressing, we used confocal microscopy for this purpose. Intravital imaging of heterospheroids indicated relatively uniform spatial distribution of 3 T3 cells within a spheroid ([Figure 1](#f0005){ref-type="fig"}*B*). However, some extent of fibroblast clustering was observed that mimics the regions of PDAC tumor tissue, where clumps of cancer cells are surrounded by PSCs [@bb0090].Figure 1Spheroid formation and growth. (A) Representative images of two-week-old PANC-1 and PANC-1/3 T3 microtumors formed in a round-bottomed well plate at initial cell number of 120 and 120:12 cells, respectively. Scale bar is 500 μm. (B) Distribution of 3 T3 GFP-expressing fibroblasts (green) in 3-day-old heterospheroids formed at initial cell ratio 24:12. Scale bar is 100 μm. (C) and (D) demonstrate dependence of PANC-1 and PANC-1/3 T3 spheroid size on term of incubation and initial cell number. Spheroid diameters were measured microscopically (\>10 spheroids for each group). (E) and (F) represent apoptotic activity (estimated by luminescent measurements of caspase-9 activity) in PANC-1 and PANC-1/3 T3 spheroids. Negative control is 2D PANC-1 cells with confluency of 70%. Positive control is 3D spheroids after 48 h incubation with high dose of doxorubicin (20 μM).Figure 1

Increase of initial cell number per well led to formation of spheroids with higher diameters. Interestingly, there is no increase in spheroid size between day 3 and day 7 ([Figure 1](#f0005){ref-type="fig"}, *C* and *D*). In some cases, reduction of spheroid diameter was observed during this time period that could be explained by reinforcement of cell--cell interactions resulting in cell compaction. Between day 7 and day 14, when additional volume of growth medium was added, almost 2-fold increase of spheroid diameter was observed ([Figure 1](#f0005){ref-type="fig"}, *C* and *D*).

Active cell proliferation in pancreatic microtumors leads to formation of distant to spheroid surface hypoxic regions, where apoptotic processes occur. To determine viability of cells in spheroids depending on their size, term of cultivation, and composition, we measured caspase 9 activity ([Figure 1](#f0005){ref-type="fig"}, *E* and *F*). It was found that detectable (relatively minimal) increase of apoptosis takes place starting after 1 week of incubation. As far as no change in spheroid size happens between day 3 and day 7, an observed growth of caspase activity might be due to the mentioned increase of cell compaction and an increased diffusion barrier for oxygen and other nutrients. It should be noted that in tumors the maximal distance between blood vessels usually does not exceed 200 microns that corresponds to oxygen diffusion limit [@bb0095]. It turned out that in a spheroid model a drastic increase of caspase activity on day 7 and later happens if the size of microtumors was more than 400 microns. It is important to note that after 2 weeks of cultivation the level of caspase activity in heterospheroids was less than in case of homospheroids. Most probably, this fact reflects the stimulatory pro-survival effect of fibroblasts on PANC-1 cells, reported earlier for PSC and pancreatic cancer cell co-culture [@bb0100].

Production of Different ECM Components in 3D Pancreatic Spheroids {#s0065}
-----------------------------------------------------------------

As mentioned above, desmoplastic reaction is a major hallmark of PDAC tumors. As reported earlier, such ECM components as collagen I [@bb0040], [@bb0045], [@bb0050], fibronectin [@bb0060], [@bb0105], hyaluronic acid [@bb0070] and laminin [@bb0055], [@bb0110] play an important role in development of PDAC and are abundantly expressed in clinical tumors. We aimed to test whether pancreatic microtumors are able to produce these components of ECM. However, immunofluorescent staining of spheroid frozen sections indicated a diffused character of collagen I distribution throughout the cytoplasm of PANC-1 cells in homospheroids without formation of a developed fibrotic scaffold ([Figure 2](#f0010){ref-type="fig"}*A*). In contrast, in PANC-1/3 T3 spheroids, formation of an extracellular fibrillar collagen I network was clearly detected. Moreover, high amounts of fibronectin was deposited in heterospheroids, whereas its expression in homospheroids was not observed ([Figure 2](#f0010){ref-type="fig"}*B*). This indicates that fibronectin production occurs exclusively due to the contribution of fibroblasts either directly or indirectly through signaling. Perhaps, the formation of the fibronectin fibrillary network in only the PANC-1/3 T3 3D *in vitro* model (and not PANC-1 homospheroids) explains why collagen I fibril assembly does not take place in homospheroids of PANC-1. Fibronectin, along with cell-associated β1-integrin receptors, are key organizers of collagen I fibrillogenesis [@bb0115]. As a result of the lacking fibronectin production in homospheroids collagen I polymerization is inhibited/prevented. In contrast, fibronectin polymerization in PANC-1/3 T3 spheroids occurs only with assistance of membrane-associated β1-integrin receptors on the surface of fibroblasts and cancer cells. Supporting this hypothesis, we found that cultivation of heterospheroids in the presence of anti-β1-integrin IgG led to significant decrease in the assembly of fibronectin fibrils (Supplementary Fig. 1) indicating the importance of β1-integrins for ECM assembly and organization.Figure 2Expression of ECM components in pancreatic cancer spheroids. (A) Visualization of collagen I in PANC-1 and PANC-1/NIH3T3 spheroids. Collagen I was defined in 10 μm-thick spheroid frozen section with anti-collagen I antibodies (green). Collagen I fibrils in heterospheroids are indicated with white arrows. (B) Visualization of fibronectin network (red) in PANC-1/NIH3T3 microtumors and its absence in PANC-1 spheroids. (C) Representative images of spheroid sections stained with antibodies against hyaluronan (purple) and laminin (yellow). Sections were obtained from spheroids incubated for 2 weeks in a presence or absence of 10 ng mL^−1^ human bFGF in growth medium. All spheroid images in (A), (B) and (C) have a size of 635 × 635 microns. (D) Positive fluorescence area of spheroid sections stained with antibodies to different ECM components. For quantification the positive area of binary images in fluorescent channel was normalized on total spheroid area. \**P* \< .05 (one-way ANOVA followed by post-hoc Tukey\'s test). All values are shown as means ± SD.Figure 2

Besides collagen I, laminin and hyaluronic acid were detected in PANC-1 spheroids ([Figure 2](#f0010){ref-type="fig"}*C*). In heterospheroids the content of hyaluronic acid was slightly higher, whereas no difference in laminin deposition was observed. Thus, 3D co-culturing of pancreatic tumor cells PANC-1 and 3 T3 fibroblasts better mimics tumor stroma than the PANC-1 homospheroid tumor model.

For additional stimulation of ECM deposition, treatment of spheroids with basic fibroblast growth factor (bFGF) was used. bFGF is a mitogenic pro-survival molecule which contributes to promotion of fibrosis and cancer cell invasion in PDAC [@bb0120]. However, we did not find any significant impact of added bFGF on ECM production in pancreatic microtumors. This is likely due to internal bFGF production by PANC-1 cells [@bb0120] already stimulating fibrosis within spheroids. External bFGF slightly increased hyaluronic acid content in both PANC-1 and PANC-1/3 T3 spheroids and laminin deposition in homospheroids ([Figure 2](#f0010){ref-type="fig"}*D*).

Study of Size-Dependent Barrier Function in Pancreatic Microtumors to Model Nanoparticles {#s0070}
-----------------------------------------------------------------------------------------

Desmoplastic reaction of tumor stroma in PDAC is considered as a one of the major barriers towards efficient chemotherapy. Viscous extracellular matrix impairs diffusion of both small molecule chemotherapeutics and nanomedicines reducing their penetration in tumor tissue [@bb0125]. Moreover, ECM overexpression contributes to elevated intratumoral fluid pressure that impedes convective influx of therapeutic molecules/particles to tumor interstitium [@bb0125]. Spheroid models ideally mimic the lack of the convective component in penetration of therapeutics. To study the barrier function of the generated pancreatic cancer spheroids for nanoparticles, we used model fluorescent-labeled polystyrene beads of different diameters ranging from 20 nm to 500 nm (Supplementary Table 1). As expected, efficacy of nanoparticle penetration was size-dependent. Smaller nanoparticles better diffused in PANC-1 and PANC-1/3 T3 spheroid stroma, accumulating to a small extent even in a central area ([Figure 3](#f0015){ref-type="fig"}, *A-C*). Limited number of 100 nm nanoparticles also reached the central core ([Figure 3](#f0015){ref-type="fig"}, *A*, *B* and *D*), whereas 500 nm particles deposited mainly in the outer cell layer primarily due to cellular uptake ([Figure 3](#f0015){ref-type="fig"}, *A*, *B* and *E*). Despite larger size, 100 nm particles accumulated to a similar or even better extent in the outer cell layers (up to 70 μm from the surface) of both homo- and heterospheroids, as compared with 20 nm beads. This phenomenon might be attributed to more effective endocytosis of 100 nm microspheres by the cells as compared with 20 nm counterparts.Figure 3Analysis of nanoparticle penetration in pancreatic cancer spheroids. Distribution of 20 nm, 100 nm and 500 nm polystyrene nanoparticles (red) in PANC-1 (A) and PANC-1/NIH3T3 (B) spheroids stained with Hoechst (blue nuclei) after 24 hours of incubation. Spheroids were grown during 2 weeks with initial number of cells of 120 and 120:12 per well for PANC-1 and PANC-1/NIH3T3, respectively. All images in (A) and (B) have a size of 635 × 635 microns. (C), (D) and (E) represent quantitative analysis of 20 nm, 100 nm and 500 nm nanoparticle penetration in spheroids, respectively. (F) Quantitative analysis of a total nanoparticle uptake by homo- and heterospheroids. \**P* \< .05 (Mann--Whitney *U* test). All values are shown as means ± SD.Figure 3

It should be noted that PANC-1/3 T3 spheroids turned out to be less permeable for nanoparticles of all considered diameters than homospheroids ([Figure 3](#f0015){ref-type="fig"}, *A-E*). For example, in homospheroids 10 to 20% of nanoparticles penetrated to a distance further than 35 microns, whereas in heterospheroids this value was less than 10%. As a result, 1.5--2-fold decrease in total nanoparticle uptake by PANC-1/3 T3 spheroids was observed for 20 and 100 nm particles ([Figure 3](#f0015){ref-type="fig"}*F*). As mentioned above, heterospheroids express higher amounts of fibrillary collagen I and fibronectin that most likely enhance their ECM viscosity and impair nanoparticle permeability. Thus, heterospheroids better mimic PDAC tumor tissue than homospheroids in terms of permeability for nanoparticles.

Tumorigenicity Comparison of PANC-1 Tumor Xenografts Established by Subcutaneous Injection of Cells Versus Spheroids {#s0075}
--------------------------------------------------------------------------------------------------------------------

It has been shown that generated pancreatic cancer spheroids producing complex fibrous ECM network recapitulate small avascular tumors. We hypothesized that use of spheroids instead of suspension of pancreatic cancer cells for establishing tumors might improve xenograft PDAC mouse models, which relevancy to clinical PDAC tumors is challenged [@bb0130], [@bb0135]. Our hypothesis is based on the important role of hypoxia in PDAC tumor progression. Actually, robust ECM deposition along with expansion of spheroid size promote hypoxic conditions in the spheroid core that can contribute to apoptotic processes indicated in large microtumors (\>400 microns in diameter) after long cultivation ([Figure 1](#f0005){ref-type="fig"}, *E* and *F*). Hypoxia is simultaneously both a cause and consequence of intratumoral cross-talk between stroma, pancreatic cancer and stellate cells [@bb0140]. In particular, hypoxic conditions along with other stimuli promote activation of quiescent fibroblasts into myofibroblasts, expressing α-smooth muscle actin (α-SMA), which significantly contribute to the desmoplastic reaction [@bb0020]. Additionally, hypoxia is considered to have an impact on the metastatic potential in PDAC tumors [@bb0145]. Thus, inoculation of pre-existing hypoxic and ECM expressing microtumors rather than suspension of pancreatic cancer cells would better mimic hyperplasia of ductal epithelium at an initial stage of PDAC.

Here, we compared four types of pancreatic tumor xenografts, established by subcutaneous inoculation of 1) PANC-1 cells; 2) 10:1 mixture of PANC-1 and 3 T3 cells; 3) PANC-1 spheroids; and 4) PANC-1/3 T3 spheroids generated at the initial ratio of 10:1. It was found that only in the case of PANC-1/3 T3 spheroids all mice developed tumors, whereas for other cohorts of mice tumors developed in 80% of animals (4 of 5).

As far as the initial number of inoculated cells was different for all groups of mice, measurements of tumor size are irrelevant for direct intergroup comparison of tumor growth rates. To determine the rates of tumor growth, we fitted experimental data using Gompertz function, a mathematical model describing tumor growth [@bb0150]. Although all growth rate constants have very similar values (Supplementary Table 2), two trends were observed. First, tumors established from cells grow faster, perhaps a result of easier access of nutrients and oxygen to cancer cells, especially at early days upon inoculation, whereas cells in the spheroid core may lack in nutrients and oxygen limiting tumor expansion. Second, fibroblast-containing xenografts grow faster than counterparts established by inoculation solely of cancer cells. It should be noted that our data are in compliance with the earlier study, where co-injection of PSCs and cancer cells led to higher tumorigenicity of orthotopic xenografts [@bb0155]. Most probably, that presence of fibroblast enhances the resistance of cancer cells to serum starvation and hypoxia as reported earlier [@bb0160]. Different mechanisms may be involved in the pro-survival stimulation of cancer cells by CAFs including, for instance, IGF1 receptor-mediated [@bb0165] and β1-integrin-mediated signaling [@bb0100]. Below, we investigated β1-integrin expression and activation of this pathway in different groups of xenografts.

Characterization of ECM Production and Organization in Clinical Pancreatic Tumors, Spheroids and Cell Based Xenografts {#s0080}
----------------------------------------------------------------------------------------------------------------------

Besides analysis of tumorigenicity of different pancreatic xenografts, another important goal was to determine such hallmarks of the tumor microenvironment as ECM production, expression of pro-fibrotic growth factors, and the level of pro-survival signaling pathway activation, as relevant to clinical tumors.

Analysis of immunofluorescent stained sections of xenograft tumor tissues and two clinical PDAC tumors resulted in some comparative observations. First, the highest level of collagen I production was detected in clinical tumors reaching almost 50% of area which is 1.5--2-fold higher than in xenografts. Interestingly, that the lowest collagen I deposition was observed in PANC-1 xenografts established by cell injection ([Figure 4](#f0020){ref-type="fig"}, *B* and *C*). It is remarkable that the character of collagen I distribution in these tumors was diffused with rare discrete bundles, whereas it was organized in a tortuous fibrillar network with thick bundles in a most of PANC-1/3 T3 cell based xenografts, in all tumors originating from spheroids, and in clinical tumors (Supplementary Fig. 2). The similar trend in architecture and organization of other ECM components such as hyaluronan, laminin and fibronectin was also observed (Supplementary Figs. 3--5). It should be noted that hyaluronan and fibronectin were deposited in a tumor tissue of xenografts in a similar extent as in clinical tumors, whereas laminin production in spheroid based tumors was even higher ([Figure 4](#f0020){ref-type="fig"}*C*). Another important observation is a very high variation of ECM production in a case of xenografts established by cell injection, whereas no significant intertumoral differences were found in the case of spheroid-based tumors.Figure 4Characterization of different types of PANC-1 tumor xenografts. (A) Growth rates of tumor xenografts inoculated subcutaneously. Experimental data (dot scatters) were fitted with Gompertz functions (solid curves) of tumor growth. Number of animals is 4 per group. Data are shown as means ± SD. (B) Representative images of frozen tumor tissue sections stained with antibodies against different ECM components including collagen I (green), fibronectin (red), hyaluronic acid (purple), and laminin (yellow). All images have a size of 635 × 635 microns. (C) Quantitative estimation of fluorescent positive areas of ECM components in xenograft and patient PDAC tumors. Values are represented as means ± SD. Western blotting expression analysis of PDAC tumor hallmarks such as α-smooth muscle actin (α-SMA), transforming growth factor β (TGFβ), β1-integrin receptors, and activated AKT signaling pathway (pAKT) (D), (E).Figure 4

Besides characterization of ECM production, we also characterized expression of some additional functional hallmarks of PDAC in tumor xenografts using Western blotting. It was found that expression of transforming growth factor β (TGFβ) is significantly enhanced in tumors originating from spheroids as compared with cell based xenografts ([Figure 4](#f0020){ref-type="fig"}*D*). TGFβ is one of the key participants in PDAC cancerogenesis, which promotes EMT and tumor invasion [@bb0170]. Moreover, TGFβ activates PSCs [@bb0015], [@bb0020] or subcutaneous and 3 T3 fibroblasts [@bb0175] as in the case of xenograft tumors, contributing to development of desmoplasia in clinical or model PDAC tumors, respectively. Activation of quiescent fibroblasts and the level of tumor infiltration with CAFs can be indicated by expression of α-SMA, a key marker of activated fibroblasts. We found an elevated level of α-SMA expression in spheroid tumors as compared with cell-based xenografts ([Figure 4](#f0020){ref-type="fig"}*D*) that might be a consequence of enhanced production of TGFβ in these tumors.

In terms of the observed differences in ECM architecture in spheroid and cell based tumor xenografts, we evaluated expression of β1-integrin receptors, which are involved in ECM-mediated signaling upon interaction with collagen I, fibronectin, laminin, and other components [@bb0045], [@bb0055], [@bb0060]. Interaction of these receptors with ECM increases metastatic potential [@bb0045], [@bb0050], induces EMT [@bb0045], [@bb0050], and up-regulates TGFβ1 secretion [@bb0040]. Moreover, β1-integrin receptors actively participate in assembly of fibronectin and collagen I fibrils [@bb0115], [@bb0180] as mentioned above, and was confirmed in the spheroid model for fibronectin (Supplementary Fig. 1). It turned out that in xenografts originating from spheroids the level of β1-integrin receptors expression is higher than in cell-based tumors ([Figure 4](#f0020){ref-type="fig"}*E*). Usually, β1-integrin-ECM interaction activates two major signaling pathways, FAK/ROCK and PI3K/AKT [@bb0035], [@bb0100], [@bb0185]. PI3K/AKT pathway is frequently activated in PDAC tumors, and can be a prognostic indicator for PDAC [@bb0190]. We found a much higher amount of phosphorylated AKT (pAKT) in spheroid tumors indicating enhanced activation of this signaling pathway, as compared with cell based xenografts. This may be a result of the increased contribution of β1-integrins into induction of this pathway due to enhanced β1-integrin expression and/or altered (more fibrillar) ECM organization.

Thus, the spheroid-based xenograft model showed an altered ECM architecture with thick bundles of collagen and other components recapitulating clinical tumors along with enhanced expression of pro-survival and pro-fibrotic hallmarks.

Discussion {#s0085}
==========

Desmoplastic stroma reaction is a unique characteristic of PDAC. To date, it is still unclear whether excessive ECM production constrains or promotes cancer progression [@bb0195], [@bb0200]. Regardless, development of pancreatic tumor models recapitulating clinical tumors is very important for screening and testing of novel anti-cancer strategies and formulations.

In this study, we developed a 3D *in vitro* model of PDAC tumors, able to grow in size up to 2 weeks. Such a long cultivation time provides more opportunities for strong cell-to-cell interactions and formation of ECM network. Incorporation of 3 T3 fibroblasts into the spheroid model improved ECM production in microtumors. PANC-1/3 T3 heterospheroids produced a complex ECM network containing different components, including glycosaminoglycans, such as hyaluronan, and proteins such as fibrillar collagen I, fibronectin, and laminin ([Figure 2](#f0010){ref-type="fig"}). Analysis of ECM production in spheroids clarified some details of cell-ECM interplay. It was found that treatment of PANC-1/3 T3 spheroids with anti-β1-integrin IgG significantly impaired fibronectin polymerization (Supplementary Fig. 1). Additionally, lack of fibronectin production in PANC-1 homospheroids did not lead to formation of fibrillar collagen I network in contrast to heterospheroids, where fibronectin was expressed by 3 T3 fibroblasts. Both these facts elucidate an important role of fibronectin and β1-integrin receptors in ECM assembly and organization. Probably, development of novel therapeutics targeting the sites of fibronectin--fibronectin, fibronectin-collagen I, or fibronectin-β1-integrin interactions would help to reduce desmoplastic reactions in PDAC and improve efficacy of chemotherapy.

It was found that the spheroid stroma presented a significant barrier for penetration of nanoparticles. The lack of convective influx of nanoparticles into spheroid interstitium from outside in a 3D tumor model resembles the absence of the convective contribution to nanoparticle extravasation and diffusion in tumors, where interstitial fluid flux towards lymphatic capillaries is impaired due to a collapse of lymphatic drainage [@bb0125], [@bb0205]. In our PANC/3 T3 spheroid model, around 90% of accumulated 100-nm particles crossed a distance less than 35 μm ([Figure 3](#f0015){ref-type="fig"}*D*). It was found earlier that intravenously injected 100-nm nanoparticles in PDAC xenograft model penetrated the tumor stroma up to 30 microns [@bb0075]. This comparison reflects the relevancy of our 3D model for estimation of nanomedicine penetration in tumor tissue.

In this study, we first translated a pancreatic cancer spheroid model *in vivo* for generation of xenograft tumors. To date, different types of animal preclinical models for human PDAC are available, and all of them have strengths and limitations. For instance, numerous transgenic mouse models reproduce human PDAC relatively closely in terms of key molecular events and morphology making them ideal for basic studies, but these models are very costly and unsuitable for analysis of therapeutic strategies and drugs [@bb0210]. Patient-derived tumor xenografts make it possible to select the best personalized chemotherapeutic regimen with predictive value over 80%, but this approach is inapplicable to most patients because it requires a long predictive patient survival and sufficient tumor tissue for establishing xenografts [@bb0135], [@bb0215]. Thus, orthotopic and subcutaneous xenografts from cancer cell lines stay the most easy and commonly used animal model for rapid testing of drug efficacies, drug safety and delivery strategies. Cell based xenograft models demonstrated a moderate predictive value probably due to genetic homogeneity and lack of immune component [@bb0135]. Another weakness of these models is a limited desmoplastic reaction [@bb0210]. Some attempts to improve cell-based xenograft models were made to address these concerns. First, cancer cells can be inoculated in a mixture with PSCs to improve stroma reaction and tumorigenicity [@bb0155]. In other study, authors increased the extent of tumor fibrosis in subcutaneous murine model by co-administration of cancer cells with bFGF. It improved tumorigenicity of xenografts, increased fibrosis, and diminished extravasation and accumulation of intravenously injected 2 MDa dextran as a model macromolecule [@bb0220]. A relatively new and very promising approach to improve xenograft animal model of PDAC for translational studies is pancreatic 3D organoid based tumors. PDAC organoid is a conglomeration of cells developed from adult stem cells originating from human or mouse pancreatic tumor tissues, and embedded in a 3D matrix. Their orthotopic transplantation resulted in development of tumors recapitulating human PDAC and maintaining of phenotypic heterogeneity of the primary tumor [@bb0225], [@bb0230], [@bb0235]. Probably, further evaluation will assess the utility of this model for translational studies. The spheroid-based xenograft model developed here is highly reproducible in terms of ECM content and organization in contrast to common cell based xenografts, and recapitulated clinical PDAC tumors. Spheroid based tumors demonstrated enhanced expression of pro-fibrotic and pro-survival hallmarks as compared with tumors originating from cells. Moreover, this model holds some additional capabilities for improvement. First, xenografts established by inoculation of 3D heterospheroids made of PSCs and cancer cells might be a more relevant model of PDAC tumors than considered here PANC-1 and PANC-1/3 T3 spheroids. Next, orthotopic transplantation is expected to be advantageous in terms of higher clinical relevancy. Furthermore, incorporation of immune cells such as regulatory T cells into the spheroid model might also impart to the model complex interplay between cancer cells, CAFs and immune system. Finally, genetic manipulations with cells forming spheroids can improve tumor-host interactions, desmoplastic reaction, tumor progression and metastatic potential, as well as detection of tumor growth in orthotopic models.

Conclusions {#s0090}
===========

In this study, we developed pancreatic cancer spheroids based on cancer cell and fibroblast co-culture, and were able to produce complex multi-component ECM. These spheroids demonstrated relevant diffusion barrier function for model nanoparticles and can be exploited for rapid screening of drugs and drug delivery approaches.

Moreover, *in vivo* translation of the spheroid model significantly improved subcutaneous xenograft model of PDAC. In particular, inoculation of spheroids resulted in reproducible stroma-rich tumors with thick bundle network ECM architecture recapitulating clinical PDAC tumors. Additionally, spheroid based xenografts demonstrated higher expression of pro-fibrotic and pro-survival PDAC hallmarks as compared with cell based tumors. We believe that future development of this model will provide an effective instrument for testing of anti-cancer drugs with improved predictive value.
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